Introduction
The identification of spermatozoa and seminal fluids in sexual assault crimes is a critical aspect of forensic genetic investigations. Several chemical and cellular constituents of seminal fluid are often used in the identification of seminal fluid following sexual assault. For example, prostatic acid phosphatase (ACP), zinc, prostate specific antigen (PSA), seminogelin and MHS-5 [1] [2] [3] [4] [5] [6] [7] are often used as screening and/or presumptive tests in order to determine the location or presence of seminal fluid on various substrates. Furthermore, they are also useful in cases where the perpetrator is either oligospermatic or azoospermatic, where few or no spermatozoa can be found [8, 9] . Despite significant advances in testing procedures and methodologies, these tests still lack the specificity and stringency needed to accurately portray them as confirmatory tests. Common binding motifs among higher primates and other mammalian species have been reported, more adequately portraying these tests as presumptive screening tools [10] .
The positive identification of spermatozoa in sexual assault cases is a critical step in determining the investigative strategy for the laboratory analyst. Furthermore, in most cases, the identification of spermatozoa has an important impact on the outcome of a case. Therefore, forensic genetic laboratories devote a great deal of time, efforts and resources to search for spermatozoa. Until now, search for spermatozoa has been performed by microscopic analysis using traditional histological stains like Baecchi's staining method with acid fuchsin and methyl blue, hereafter referred to as Baecchi's method, Kernechtrot-Picroindigocarmine (KPIC) and Hematoxylin-eosin (H&E) [11] [12] [13] [14] [15] [16] . These methods are based on the identification of morphological structures and staining patterns of spermatozoa ( Fig. 1 ). However, traditional staining methods lack specificity and sensitivity, requiring extensive analyst training in order to achieve the necessary proficiency of microscopic examination of sexual assault evidence. The identification of human spermatozoa in challenging samples with low sperm count, high epithelial cell density, mixtures of cells and microorganisms from rectal samples, degradation of sperm cells with detachment of the tail from the head, etc. can be extremely difficult, often resulting in negative and/or inconclusive results. Furthermore, the examination may be very time consuming. Given the limitations of microscopic examination of samples stained with usual histological stains, improvements in specificity and effectiveness of methods for identifying human spermatozoa from sexual assault evidence would be highly advantageous.
SPERM HY-LITER TM was developed and validated for the microscopic analysis of human spermatozoa from sexual assault evidence [17] . The specificity of this method is obtained through an Alexa 488 fluorescently (green flourescein isothiocyanate -FITC) tagged monoclonal antibody, which specifically targets an antigen on the nuclear membrane of sperm cells. In conjunction with the Alexa 488 tag, the blue nuclear stain, 4 0 ,6-diamidino-2-phenylindole (DAPI), is also incorporated as part of the staining (Fig. 2) . As a result, all cells containing DNA rich nuclei can be visualized through the selective use of a DAPI compatible fluorescent filter. This makes it possible to visualize the various cells without the need for selective degradation of epithelial/vaginal cells by proteinase K treatment prior to microscopic analysis. Due to the intense fluorescence, as few as one sperm cell can be identified among a dense sample of vaginal epithelial cells common in sexual assault type swabs.
Although the advantages of the fluorescent microscopy for identifying cellular components are widely recognized by the scientific community, its application in forensic science has been limited to date. The objective of the current study, therefore, was to compare the success of identifying human spermatozoa with the fluorescent SPERM HY-LITER TM method with that of Baecchi's method that is a traditional, histological investigation used in many laboratories. Here, we present the results of our internal validation study performed at the Section of Forensic Genetics, Department of Forensic Medicine, Faculty of Health Sciences, University of Copenhagen, Denmark.
Materials and methods

Sample collection procedure for the initial validation study
Sample collections from sexual assault victims were performed at the Section of Forensic Genetics, University of Copenhagen, Denmark. Sample sources were separated into two distinct categories: (1) volunteers from the Section of Forensic Genetics used to develop forensic-type samples, and (2) adjudicated sexual assault cases. Biological samples (buccal, vaginal, penile, rectal, and/or epithelial swabs) were collected using DNA-free, sterile cotton-tipped swabs from 6 volunteers with no recent history (>two weeks) of unprotected sexual activity. All sources of biological samples and/or substrate controls were screened by microscopy for the presence of human spermatozoa prior to the study. A total of 9 sexual assault-type samples were collected by a forensic pathologist from four volunteers. The time elapsed between the assault and sample collection ranged from 4 to 72 h. Duplicate samples using DNA-free, sterile cotton swabs were collected from various anatomical regions (buccal, vaginal introitus, vaginal fornix posterior, rectum, and breasts), labeled, and stored separately for independent testing. Table 1 shows the types of samples that were analyzed. All samples from sexual assault cases in 2008 were microscopically examined with Baecchi's method and screened for ACP. All samples from sexual assault cases in 2009 were microscopically examined with the SPERM HY-LITER TM method and screened for ACP. 
Sample collection procedure for the cohort studies
Sample preparation procedure
All simulated forensic-type samples were prepared in duplicate. Samples were prepared using sterile swabs and/or various substrates (cotton, denim, tissue paper, white linens, etc.). In order to test the effects of external contaminants and cellular degradation, several sample sets were also subject to chemical and/or environmental insult (10% bleach, detergent (whitening), soil, concrete, warm/moist environment at 37 8C, latex condom (nonoxynol-9 lubricated), mixed source body fluids, etc.). Each sample was inoculated with known quantities of sperm ranging from 10 to !50 sperm and left to air dry at room temperature (unless samples were subject to further environmental/chemical insult). Samples containing non-human spermatozoa were also analyzed in order to determine morphological differences and specificity of each staining method. Samples were analyzed both as single source and mixed (human/non-human sperm/buccal cell) source samples. In order to achieve low copy number samples, several serial dilutions of human semen in phosphate buffered saline (PBS) were prepared. A total of 100 ml of serially diluted semen samples ranging from 1 Â 10 1 to 1 Â 10 4 spermatozoa/ml were heat fixed on a Poly-L-Lysine coated slide, stained with Baecchi's stain and microscopically counted in order to achieve serially diluted standards of known concentration.
Samples were divided into various categories depending on the sample source, type, and analytical difficulty ( Table 2 ). In all cases, each sample was assigned a unique and random alphanumeric identifier for the duration of the study. The unique identifier 
Vaginal Fornix Low ( 10 sperm cells) (À) (À) (À) 090122F-5
Rectum Low ( 10 sperm cells) (À) (À) (À) 090122F-6 Epitheleal Low ( 10 sperm cells)
Vaginal Introitus Negative control (À) (À) (À) 090122F-8
Buccal 
Sample extraction and staining
The extraction of biological material from swabs/stains from simulated and/or sexual assault cases was done in accordance with the standard operating procedures of the serology laboratory. In short, a small (approximately 0.5-1 cm 2 piece of fabric, or 25% of a cotton swab) piece of sampling material (cotton swab, fabric, etc.) was placed in 500 ml of double deionized water (ddH 2 O) and sonicated for 30 min in a 1.5 ml Eppendorf tube. The suspended cellular debris was transferred to a new 1.5 ml Eppendorf tube and pelleted by centrifugation. A total 400 ml of supernatant was removed and the pellet was resuspended in the remaining 100 ml of ddH 2 O. Two aliquots of 50 ml from each sample were then transferred to the sample window of a labeled microscope slide. For consistency, both Baecchi's and SPERM HY-LITER TM stained samples were analyzed on hydrophobic masked 11 mm circular well microscope slides (Part Number 9111-25, IFI, Hillside, IL).
Samples were stained with Baecchi's stain according to the standard operating procedures of the serology laboratory. In short, 50 ml of cellular extract was aliquoted onto hydrophobic masked 11 mm circular well microscope slides. Samples were heat fixed at 37 8C until dry and fixed with 96% ethanol. The fixed cellular extracts were stained for 1 min using 2-3 drops of Baecchi's stain (2.5 ml 1% methyl blue, 7.5 ml 1% acid fuchsin, 2.7 ml 12 M HCl, 87.3 ml ddH 2 O). Excess stain was removed with a gentle stream of 96% ethanol and air dried prior to final fixation with Permount mounting medium and cover slip (Fisher Scientific, catalog number SP15-100 and 12-544A).
The staining procedure for the SPERM HY-LITER TM kit (Part Number 7250, IFI, Hillside, IL) was followed according to the manufacturer's suggested protocol (see SPERM HY-LITER PLUS TM Staining Protocol). In short, 50 ml of cellular extract was aliquoted onto hydrophobic-masked 11 mm circular single-well microscope slides. Samples were dried at 37 8C and fixed with 96% ethanol. Slides were stained using: 2 drops of Fixative (white cap)incubate 10 -wash with 1X Wash buffer -add 2 drops of Sample Preparation solution (yellow cap) with 2 ml 1 M 1,4-Dithiothreitol (DTT) (10 ml for rectal samples) -incubate 30 min -wash with 1X Wash Buffer -add 2 drops of Blocking solution (red cap) -incubate 30 min -wash with 1Â Wash buffer -add 2 drop Sperm Head Stain solution (green cap) -incubate 30 min -wash with 1Â Wash buffer. Samples were air dried for 30 min prior to final fixation with 1 drop of mounting media (blue cap) and a cover slip. SPERM HY-LITER TM stained samples were stored in dark storage boxes until analysis.
Microscopic examination, data imaging and storage
The microscopic analysis of sexual assault type samples (Baecchi's and SPERM HY-LITER TM ) was performed by two analysts from the Section for Forensic Genetics using a Leica DM6000B fluorescent/light transmission microscope (Leica Microsystems, Germany). The complete sample set was first analyzed by Baecchi's method and light transmission microscopy under 100-400Â magnification. All results and digital images of positive/negative slides were recorded in accordance with the standard operating procedures of the Section for Forensic Genetics. The SPERM HY-LITER TM stained slides were analyzed by fluorescent microscopy under 100-400Â magnification using FITC and DAPI filters [17] . Each slide was scanned from side to side, and digital images of positive/negative slides were taken and stored for further analysis. All microscopic analyses on forensic-type samples at the Section of Forensic Genetics were performed in sequential order without previous knowledge of sample source, content and/or results.
A duplicate set of samples was microscopically analyzed by staff members at Independent Forensics, Hillside, IL. The results from both laboratories were kept confidential until the final comparison or the results of the study.
Examination of acid phosphatase activity (ACP)
A modification of the test of Huggins and Talalay (1945) was used [18] . The test is based on the colorless sodium phenolphthalein phosphate as a substrate that is cleaved into phenolphthalein producing redness at alkaline pH. The investigation was performed by applying filter paper saturated with the indicator substrate buffer to the objects for 2 min and spraying with alkaline buffer and determining the color of the filter paper. Table 2 shows the results of microscopic examinations of the 35 simulated forensic-type samples with Baecchi's method and SPERM HY-LITER TM performed in both Copenhagen and Illinois. Whole spermatozoa and spermatozoan heads were characterized by size, morphological shape, and the staining of the cell (acrosome, plasma membrane, nucleus, tail, etc.). A binary scoring system (''+'' one or more sperm cells confirmed (with or without heads), ''À'' no sperm cells confirmed) was used in the assessment of each sample. No effort was made to quantify the number of sperm observed in different samples as this is not typically done for actual forensic samples. Sperm cells were identified in 40.0% of the samples with Baecchi's method, 45.7% with SPERM HY-LITER TM in Copenhagen and in 54.3% with SPERM HY-LITER TM in Illinois. Excluding the negative controls, there were six differences between the results obtained with Baecchi's method and SPERM HY-LITER TM in Copenhagen and 11 differences between Baecchi's method and SPERM HY-LITER TM in Illinois, and the differences were not correlated with sperm quantity. These two comparisons are replicates since the same samples were analyzed in Copenhagen and in Illinois. If differences were random with respect to detection, then one would expect half of the differences to be in the +/-direction (detection by Baecchi's method and no detection using SPERM HY-LITER TM ) and half the differences to be in the +/-direction (no detection by Baecchi's method and positive detection using SPERM HY-LITER TM ). The results in Table 2 show that the differences are predominately in the +/-direction (4/6 for the comparison performed in Copenhagen and 8/11 for the comparison done in Illinois). A one-tailed t-test of the mean of the two replicates (average +/-= 0.697) versus an expected value of 0.500 was performed. A one-tailed test was used because the overall success rate was higher using SPERM HY-LITER TM ( Table 2) , so we were specifically interested in testing whether that method was more effective than Baecchi's method. The results support the contention that, when differences between the two techniques occur, the differences are more often that SPERM HY-LITER TM detects spermatozoa when Baecchi's method does not (t s = 6.567, df = 1, P = 0.048). Table 3 shows the results of 10 samples containing human vagina epithelial cells mixed with either human sperm or animal sperm and analyzed with Baecchi's method and SPERM HY-LITER TM . Baecchi's method returned a positive result whenever sperm were present regardless of the species contributor. In all cases, SPERM HY-LITER TM correctly identified the presence of human spermatozoa and was negative when the only spermatozoa present were from a nonhuman source. Thus, Baecchi's method was nonspecific whereas SPERM HY-LITER TM successfully discriminated between human and nonhuman spermatozoa. Table 4 shows that in 9 samples that were taken from adjudicated sexual assault cases, Baecchi's identified spermatozoa in 44.4% of the samples while the SPERM HY-LITER TM method was positive in 55.6% (Copenhagen) and 66.7% (Illinois) of the samples, respectively. The small sample size does not allow a statistical analysis. However, all three of the differences between Baecchi's method and either of the replicates using the SPERM HY-LITER TM method were in the +/-direction. That is, samples in which SPERM HY-LITER TM identified multiple spermatozoa whereas no sperm cells could be demonstrated with the Baecchi's method.
Results
Microscopic analysis of simulated forensic type samples
Specificity of the SPERM HY-LITER TM examinations in simulated forensic type samples
Comparison of SPERM HY-LITER TM and Baecchi's method in selected sexual assault samples
Focusing on challenging samples (rectal or degraded samples in Tables 2 and 4 ), we again looked at differences between Baecchi's method and the two replicates of SPERM HY-LITER TM . There were 7 differences between Baecchi's method and either the Copenhagen or the Illinois replicates. Of these, 3 out of 4 differences for samples done in Copenhagen and 2 out of 3 differences for samples done in Illinois were in the +/-direction (positive detection using SPERM HY-LITER TM when no spermatozoa were detected with Baecchi's method). Using the same test and assumptions as in Section 2.1 above, we statistically tested the hypothesis that the SPERM HY-LITER TM method was more effective at detecting spermatozoa in these degraded or otherwise compromised samples. The average +/-proportion for the two samples was 0.710 and this was tested against a presumed 0.500 proportion that would be expected if differences were random. The results were suggestive but not statistically significant at the 0.05 level (t s = 5.250, df = 1, P = 0.06).
Evaluation of the methods in forensic routine casework
The results obtained in Copenhagen in 2008 with Baecchi's method were compared with those obtained in 2009 with the SPERM HY-LITER TM test. There was no difference in strategy, etc., except for the change from Baecchi's method to SPERM HY-LITER TM . The presence or absence of spermatozoa detected with the two methods are compared in Table 5 along with the success rates of developing male STR-profiles for samples showing positive for spermatozoa. Spermatozoa were detected with Baecchi's method in 27.9% of the samples and in 32.1% of the samples with SPERM HY-LITER TM . However, these percentages cannot be compared directly since the actual percentage of samples containing spermatozoa for the two years is not known and different methods were used in different years. The success rates of obtaining a male DNA STR profile following differential extraction after positive microscopy results were 82.7% with Baecchi's method and 87.3% with the SPERM HY-LITER TM method. A Chi Square contingency analysis of positive/negative results versus Baecchi's method/SPERM HY-LITER TM was performed. The hypothesis being tested here is whether the probability of successfully obtaining a male DNA STR profile is independent of method. Although the success rate at obtaining a male DNA STR profile is higher with SPERM HY-LITER TM , the difference was not significant at the 0.05 level (X 2 = 3.014, df = 1, P = 0.083).
Correlation between acid phosphatase reaction and demonstration of spermatozoa in routine forensic casework
Acid phosphatase activity was demonstrated in 21.2% of the 2008 samples and in 24.1% of the 2009 samples (Table 5 ). Of the samples that were positive for spermatozoa with Baecchi's method and SPERM HY-LITER TM , 61.8% and 59.6%, respectively, were positive for ACP. A Chi square contingency test of positive/negative results for ACP versus method did not indicate any significant difference (X 2 = 0.339, df = 1, P = 0.561).
Discussion
Identification of spermatozoa is crucial in most sexual assault cases. Several methods are used to identify spermatozoa, including microscopic examination of preparations stained with e.g. Baecchi's method. Histological staining methods are reliable for the identification of spermatozoa when the slides are scrutinized by experienced investigators, but the process is time-consuming and error prone for inexperienced investigators. With Baecchi's method, the head and tail of spermatozoa are bright crimson red. Morphologically, the staining pattern of the sperm head is characterized by a two-tone coloring of the acrosome (see Fig. 1 ). The light tip progressively darkens toward the centriole, where the tail connects to the head. Based upon the known size of human spermatozoa (approx. 7 mm Â 5 mm, 50 mm incl. tail) and morphological staining, a trained analyst can determine the presence of human spermatozoa from a mixed pool of biological material. However, due to the presence of several species of yeast and/or microorganisms, ''sperm-like'' elements may be misjudged especially in vaginal and rectal swabs. The success rates of identification of spermatozoa of the mock samples were slightly better in Copenhagen and Illinois with the SPERM HY-LITER TM method than with Baecchi's method ( Table 2 ). More importantly however, when differences occur between Baecchi's method and SPERM HY-LITER TM , they are predominantly that SPERM HY-LITER TM yields a positive result when no spermatozoa are detected by Baecchi's method, and this trend is statistically significant (t s = 6.567, df = 1, P = 0.048). While not statistically overwhelming, it does provide support for the statement that SPERM HY-LITER TM was more effective at detecting spermatozoa in these experiments than Baecchi's method.
The examinations of artificial, forensically relevant, 'mock' samples showed that SPERM HY-LITER TM could discriminate between (1) human and (2) dog, horse, pig or bull spermatozoa (Table 3 ). This can, in theory, also be achieved with Baecchi's method by a trained investigator -but it was not successful in our laboratory (Table 3 ). Miller et al. [17] showed that the SPERM HY-LITER TM antibody does not react with semen from common species or with other human tissues likely to be encountered in sexual assault evidence. These results support the contention that SPERM HY-LITER TM exhibits higher specificity than Baecchi's method. It should be noted that, if it were necessary to distinguish between human and non-human spermatozoa in an investigation, techniques in addition to SPERM HY-LITER TM would have to be employed.
The results of examinations of a small number of selected adjudicated sexual assault cases (Table 4) were consistent with the data presented in Table 2 , in that all differences between the two methods were that spermatozoa could be detected by SPERM HY-LITER TM in samples that show negative results by the Baecchi's technique. In some samples, the presence of vaginal, rectal, and/or epithelial cells was excessive making microscopic analysis by Baecchi's method difficult and time consuming.
The comparison between results obtained in a one year period (2009) with the SPERM HY-LITER TM method and the previous year (2008) with the Baecchi's method showed that the rate of positive results from the SPERM HY-LITER TM method were slightly higher than Baecchi's method (32.1% versus 27.9%). As previously mentioned, however, these two values cannot be statistically compared. The identification of spermatozoa was associated with a slightly higher success rate of full autosomal STR profiles (SEfiler Plus) with SPERM HYLITER positive samples (87.3% of the cases) than that obtained with samples that were positive with Baecchi's method (82.7%, P = 0.083), but this result is not statistically significant.
SPERM HY-LITER TM also seemed to facilitate the identification of spermatozoa in challenging samples. Degraded and otherwise compromised samples, e.g. from Tables 2 and 4, were readily examined and the results were more often that the SPERM HY-LITER TM method detected sperm when Baecchi's method did not. Again, the marginal probability of the statistical test (t s = 5.250, df = 1, P = 0.06) was suggestive but not significant at the 0.05 level, and further experimentation is necessary before a definitive conclusion can be made. The biological material from these types of samples is often associated with an abundant flora of yeast and bacteria that may be a challenge to less experienced investigators when Baecchi's method is used. The selective use of FITC and DAPI filters increased sensitivity and specificity of the SPERM HY-LITER TM method while demonstrating the ability to differentiate stained spermatozoa and other cells like vaginal cells, bacteria, yeast, etc. Non-specific binding of fluorophore-conjugated antibodies was not observed and the favorable signal-to-noise ratio made it easy to distinguish the spermatozoa in routine cases.
The comparison between microscopic results and ACP activity demonstrated a limited sensitivity and specificity of ACP testing. Only about 60% of the samples shown in Table 5 that were positive by either method were also positive for ACP, and there was no significant association between ACP +/-results and method (X 2 = 0.339, df = 1, P = 0.561. However, acid phosphatase activity decreases in vaginal samples over time [16] and ACP assays are not generally reliable beyond 48 h. The adjudicated sexual assault samples reported in Table 5 were collected over a variety of time spans and include samples that were collected well beyond 48 h after the alleged assault. ACP has traditionally been utilized as a screening tool for determining location or presence of seminal fluid on larger items and intimate swabs from sexual assault cases prior to microscopic analysis [7, [19] [20] [21] [22] . Given the results from this sample set, it would not be advisable to use negative ACP screening results as a ''stop point'' in sexual assault investigations, since about 40% of our ACP assays were negative even though spermatozoa were present. Realizing that more sensitive screening methods for seminal fluid exist, such as tests for prostate specific antigen (PSA), we have taken this into consideration and substituted a commercial test for PSA for the ACP investigation of vaginal swabs and selected items, while we still use testing for ACP of larger textiles, etc.
Our department has used Baecchi's method for years. However, the SPERM HY-LITER TM method obviously offers advantages due to the specific staining of spermatozoa. Therefore, we have decided to introduce the SPERM HY-LITER TM method in routine examinations of sexual assault evidence.
Conclusion
The results of the internal validation of the SPERM HY-LITER TM kit for microscopic identification of human sperm demonstrated that SPERM HY-LITER TM was generally more effective than traditional histological staining by Baecchi's method. SPERM HY-LITER TM was also shown to be specific for human spermatozoa whereas Baecchi's method did not distinguish between human and non-human sperm contributors. The higher specificity and effectiveness of SPERM HY-LITER TM allows for a faster and more reliable visual screening of evidentiary material for spermatozoa.
